The Digital Helike Project aims at the digitization of archaeological data from the Helike Project, Achaia, Greece. This paper advances understanding of Early Bronze Age house building techniques with focus on corridor houses. The Helike Corridor House is a fine example of an architectural style of the Early Helladic period EH II/Early EH III on the Greek mainland and it is used here as a case study. A methodology for 3D reconstruction is described supporting both structural integrity simulations and advanced visualization studies. The paper focuses on three aspects: firstly, it highlights technological innovations in the Bronze Age period by drawing attention to structural integrity studies recently carried out by the research team; secondly, it describes a methodology for building fully geo-referenced 3D models supporting structural integrity studies and visualization on GIS-Geographic Information Systems; and thirdly, it leads to the universal access of data and visualization over the Internet through the selection of appropriate open source, open standards and freely available tools and applications. The methodologies proposed here deepen insights on archaeological data enabling new inferences and knowledge to be gained through the implementation of universally shared low cost applications.
Introduction
Early Helladic (EH) Helike was situated on the coastal plain between the Selinous and Kerynites rivers southeast of Aigio in the Gulf of Corinth, Achaia, northwestern Peloponnese, Greece (Figure 1 ). Over the past 28 years the Helike Project has focused research in and around the modern villages of Eliki, Rizomylos and Nikolaiika, where large amounts of data have been collected from bore-hole drilling, excavation, geophysics, and sea sonar surveys (Soter and Katsonopoulou 1998; Katsonopoulou 1998; 2011a; 2011b) . Excavation data have confirmed that the site was occupied in the Neolithic, Early Helladic II/III, again during the Mycenean through Geometric, Archaic, and Classical periods. The area was reoccupied in late antiquity after the destructive earthquake of 373BC. (Katsonopoulou, 2011a) . The Early Bronze Age (EBA) town was built on a low topographic rise currently approximately 3.5 m below surface level not far from the sea and close to an intermittent lagoon that had existed in this part of the plain since the Neolithic period (Soter and Katsonopoulou, 2011) . The site developed into a dense arrangement of buildings in the EH II period and rapidly experienced wide architectural transformations at the beginning of the EH III period. New developments included the rearrangement of the settlement according to a square town plan and the modification of several buildings to incorporate broader residential areas. The most pronounced change occurred with the transformation of an earlier rectangular building into a monumental Corridor House. Alongside architectural advances, the houses experienced a marked increase in consumption and the storage of commodities (as evidenced by various types of cups, tankards, cooking pots and pithos jars) and the extensive influx of exotic prestigious items (depas cup, precious metal accessories and obsidian amongst others) (Katsarou, 2011) . By the early EH III period the settlement was a protourban centre attesting to affluent domestic wealth and the establishment of elites through modes of social display, overseas contact and convivial gatherings. Within this framework of development, architectural advances both resulted in and corroborated social transformations. This issue becomes intriguing with the study of the Helike Corridor House (HCH) (Katsonopoulou, 2011a) , one of the finest examples of this type of architectural style of EH II/early EH III and used here as case study to understand construction design, materials and techniques and their implications within a social context. The innovative building techniques involved the improvement of the adobe structure to accommodate enlarged cooking and storage facilities on the ground floor and the employment of the narrow corridor as a structural element. Structural integrity studies recently carried out by the Helike research team (Kormann et al., 2016a; 2016b) have verified that the corridors on the long sides of the HCH were a crucial architectural feature to support a second floor and a tiled roof. The corridor's double walls plus the house internal cross walls were shown to be capable of absorbing the heavy roof load. From comparable accounts, this kind of modification reflected an architectural pattern which aimed at monumentality and may have been employed to serve a centralized administrative seat and the rapid advance of EH society towards hierarchical pre-state modes (Shaw 1987; Shaw 1990; Shaw 2007; Peperaki 2004; Pullen 2008; Maran 1998; Maran and Kostoula 2014) .
A full 3D model of the HCH was created with a tiled roof based on archaeological evidence from the foundation walls and from related Corridor Houses of the period, including the Weisses Haus in Aegina and The House of the Tiles at Lerna (Shaw 1987; . The model was used to verify the monumental scale of the house, built from adobe brick. Previous research (Kormann et al., 2016a) has shown that an earlier EH II rectilinear ground floor design was modified into a corridor type of building. A long external wall at the back of the house was built 1.5 times wider than the adjoining walls to decrease its susceptibility to buckling as shown in the simulation studies of Kormann et al. (2016a) .
Structural integrity studies concerning roof design (Kormann et al., 2016b) demonstrated that the house could support a tiled roof. However, if the roof were of a heavy construction typical of Minoan roofs of the period, made with a wooden structure, a layer of reeds, a layer of mud and a thick layer of rammed earth, the walls could not support it and the house would collapse. This observation points to sophisticated construction techniques with regards to the roof of the HCH, made of a wooden structure and a layer of reeds, followed by a thin layer of clay and tiles. The research also supported the argument for specialization of planning and architectural design in the period. This is based on the observation that the Corridor Houses at Helike, Aegina and Lerna are strikingly similar where the Weisses Haus at Aegina is about 1.5 larger than Helike concerning length and width and the House of the Tiles at Lerna is twice as large as Helike. This paper is organized as follows. Section 2 describes the aims and methodology and Section 3 provides a rationale for the visualizations. Section 4 outlines the results of creating, geo-referencing and displaying the 3D model of the HCH and finally Section 5 presents a discussion and conclusion.
2 Aims, Objectives, and 3D Reconstruction Methodology
The Digital Helike Project (DHP) aims at digitizing and integrating published data from the Helike Project into a geo-referenced database, and at creating compelling visualizations and simulations that are universally accessible from web browsers and from publicly available interfaces such as Google Earth. One of DHP's main principles is to provide free, universal digital access to all published archaeological data connected to Helike. Apart from tabular data, these will also include digitized terrain models of the relevant sections of the Helike plain, an area of approximately 4 km 2 , 3D models of pottery, artefacts, houses and other buildings, images, videos, maps and so on. Eventually, representations and visualization of the entire delta at various periods of time will be available. To realize its goals, open source tools and methods are used and developed so that, in the future, researchers will be able to contribute data to the DHP main database.
The aims of this paper are to investigate the architectural plan and house building technology of the HCH from results of structural integrity analyses (Kormann et al., 2016a; 2016b) placing the house in the context of social transformations in the EBA period. This is achieved by giving the archaeologist the ability to develop fully geo-referenced 3D digital assets and on placing archaeological datasets and artefact representations over large landscapes that can be visualized on Google Earth (GE) and web browsers. 3D models can then be analysed not in isolation but in their real 3D scale placed in situ enabling spatial analysis, relationships, and the study of movement among other approaches. The objectives of the research are listed as follows:
1. Identify open source/open access tools and techniques for 3D model creation. 2. Demonstrate techniques for geo-referencing 3D assets through a case study of the HCH. 3. Export the HCH models to support structural integrity studies and interactive display technologies demonstrated through visualization using the GE interface.
In addressing the issue of creating digital assets to support structural integrity studies and visualization over the Internet, solutions are required forcing design decisions concerning tools and methodologies. Concerning visualization, a model is shown in Figure 3 in which digital assets of the HCH are to be visualized either using the GE interface or directly inside a web browser. In the model, only the paths in blue are described and implemented in this paper; the Cesium API (Application Program Interface) (Cesium, 2016) represented in purple will be addressed in the near future. In any case, data and information on Cesium will be handled in the same way as the GE solution described here, which are compatible with the Cesium API.
The box in Figure 3 'Import Geo-Referenced Terrain Map' refers to importing the terrain into a CAD package that supports geo-referencing. The box 'Create Geo-Referenced Asset' refers to the actual 3D drawing of the model, including texture mapping. At this stage, the exact geo-references are obtained possibly by alternative means if the CAD package does not support geo-referencing. The aim here is to define the geo-referencing parameters that allow the creation of an XML file that can be exported as KML format. The box 'Export as KML/KMZ' refers to creating the XML structure that is compatible with the KML file format, and its equivalent KMZ compressed version. Once this is achieved, the file is ready to be open by the GE application, which can also be called from inside a web browser using the Cesium API. Concerning the identification of tools and techniques for 3D model creation, among the most popular open source 3D modelling packages considered here are Blender, MeshLab, and SketchUp. Blender is the most sophisticated 3D computer graphics software which can be used to create animation, visual 3D effects, interactive 3D applications and video gaming. Blender has a steep learning curve as its design favours programmers and engineers (Brandt, 2011) which is perhaps its biggest disadvantage as it requires huge effort and discipline to master its features.
MeshLab is open source software for the development of 3D meshes and data handling. It has been developed from the needs of a 3D scanning pipeline where data are unstructured so it has specialized functions for mesh cleaning, removal and deleting of duplicates and unreferenced vertices, mesh smoothing, painting, repairing and so on (Derysh, 2014) . It can import and export to most standard 3D formats and one of its great advantages is the ability to edit meshes in an intuitive way.
SketchUp is 3D modelling software for a range of applications including architecture, film and video game design. There is also a freeware version SketchUp Make. Overall, SketchUp is light weight, platform independent, user friendly 3D modelling software that can be used for any kind of modelling (3D Engineer, 2016) . There are two main advantages which are the ability to interface with GE and automatically geo-reference models hence SketchUp is the primary source of 3D models for GE. The disadvantages when compared to Blender is that it does not have the full range of capabilities, neither is it designed to process and interface with large amounts of unstructured data such as MeshLab.
In January 2015 Google announced (Marquardt, 2015) that GE Pro was made freely available with advanced features that help the measurement of 3D buildings, print high-resolution images for presentations or reports, GPS data import, and recording of high definition movies of virtual flights. GE has many easy to use features and detailed geo-referenced imagery helping the display and visualization of geographic data for countless applications. Given that a main requirement of the Digital Helike Project is to create a geo-referenced database of published Helike data, the project has opted to use SketchUp to create 3D models in connection with GE Pro for data visualization. For more complex modelling requirements, there is the option of using SketchUp Pro with Boolean operation features which facilitate model building.
Archaeological Data Visualization
In a recent review of Geoinformatic Technologies for landscape archaeology, Sarris (2015) has highlighted methodological issues concerning state-of-the-art digital techniques available to archaeologists. It has been long suggested that virtual environments and data visualization help the archaeologist to explore, comprehend and explain data and information acquired from vastly diverse sources (Lock, 2003) . Here we address interactive visualization issues in archaeology through a methodological approach for fully geo-referenced, 3D interactive visualizations focussing on the generation of 3D models, and on placing archaeological datasets and artefact representations over large landscapes visualized on GE and web browsers.
We examine the methodology for creating geo-referenced 3D models using SketchUp by direct manipulation of the imported geographic area and then the addition of textures and the exporting of the final 3D model to KML format for display on GE and web browsers. The described methods enhance digital relationships between archaeologists and data by lowering entry barriers through easy to implement techniques and freely available applications. In turn, universal data access leads to new inferences and knowledge gained from different perspectives.
Visualization is a powerful tool to convey a message or an idea either through images, diagrams, or animations. It translates data from computer formats to human understandable formats using images, graphical models, charts, and other graphs that humans feel comfortable interpreting. Visualization of buildings has been a topic of much research in archaeology and can effectively communicate both abstract and concrete concepts, and can help a wider understanding and appreciation of the subject matter (see the papers in Chapter 8 of Giligny et al., 2015; Hermon, 2007; Hermon, 2012) . There is a strong connection between simulation and visualization, as visualization is used to show the results of computations to the user aiding fast and effective interpretation.
There are many challenges to visualization as pointed out by Reilly (1989) and Isenberg et al. (2011) from interaction to creating and sharing data in a collaborative way, to issues concerning high volumes of data, speed of access, processing and so on. Here, we are mostly focused on issues concerning interactive visualization in archaeology as described by Jeffrey (2015) . Jeffrey claims that there is a clear distinction between a digital representation which is always of lower quality than the object itself and this can lead to lack of engagement. He advocates a digital experience that embraces creativity, imagination and aesthetic quality. In previous work along these lines, Allen et al. (2004) have developed a sophisticated modelling pipeline for 3D image acquisition, reconstruction and the production of accurate geometric and photorealistic representations of archaeological sites. The method, however, requires a level of resources far superior to those available to the average archaeologist as it relies on proprietary software and expensive advanced data acquisition hardware.
In contrast, our approach to data quality and to interactive visualization interfaces is focused on open source tools thus lowering the entry barrier to archaeologists. The requirements of our proposed method are that it must be able to run everywhere from anywhere. JavaScript is the most popular scripting language on the Internet (JavaScript, 2016; W3schools, 2016) , it is freely available and is installed on the local machine for web browser use. The language has been developed with the specific aim to make web pages more interactive. JavaScript statements are embedded into standard HTML code.
When preparing data for display, accurate geo-referencing is a requirement. We propose a direct manipulation approach, in which a geo-referenced portion of the world is imported into a CAD model as a map on a 2D plane. Any object (3D object or marker) placed on the map would thus be automatically geo-referenced. For these reasons, we propose pairing GE and SketchUp as the tools of choice such that buildings, objects and features are created with accurate geo-references. GE Pro and SketchUp applications are freely available (Haselton, 2015; Marquardt, 2015) .
The properties of digital assets such as 3D models and related data are described using the XML-Extensible Mark-up Language. The XML format is simple, understood by both machine and human and can easily be modified or transformed into another format if dictated by future requirements. To load a data object (a graphical object such as models of houses, paths, markers, events, photos, images, and so on) and display on GE, the object is coded into KML or KMZ format, which is a standard format described by XML tags. A KML file can be created with any word processing application by including appropriate XML commands. All data such as images, video, sound, and 3D models will adopt standard file formats such as PNG, MOV, WAV, and COLLADA. This strategy ensures that in the future, visualization assets will be compatible with newer versions of web browsers and the GE interface.
Results of 3D Model Creation and Visualization
Using the tools outlined above, this section describes in detail the steps for accurate 3D reconstruction of the Helike Corridor House including its geographic placing on the Helike plain. Referring to the methodological steps depicted in Figure 3 , modelling starts with opening SketchUp, setting user preferences such as adjusting background colour, and so on. Figure 4 shows the step 'Import Geo-Referenced Terrain Map'. In SketchUp, choose File/Geo-location/Add location then zoom in on the map using the dialog box until the desired area of the world is in view. Select Grab location and it will be automatically displayed in SketchUp. Figure 5 depicts the imported geographic location which is then displayed centred on the coordinate system determined within SketchUp. Every pixel of the imported image is georeferenced, so every feature placed on the image is also geo-referenced. Conversely, if one has the exact geo-coordinates of a trench for instance, this can be exactly placed on the map by identifying which pixel or group of pixels correspond to the given geo-location. Thus, all models created with SketchUp will be fully geo-referenced and terrain features can be used for correct placing of the models on the map. This method of importing a geo-referenced texture map is referred to as direct manipulation as the user is not required to provide any geolocations either by programming nor by entering the values for latitude and longitude. The user can, however, extract the exact latitude and longitude of a feature directly from Google Earth to confirm that the feature is placed exactly on the map in SketchUp. The main advantage is ease of use, as models and features are geo-referenced and oriented as the user places them on the map. Figure 6 illustrates the initial step of "Create Geo-Referenced Asset" by overlaying a plan of the excavated trenches on the terrain providing a guide for subsequent geo-referenced 3D modelling. This step needs to be carefully executed and verified as it may require scaling of the trench plan to match the scale of the terrain. This, however, is a simple task with direct manipulation of the figure handles. Here a single scaled drawing of all trenches is used (a PNG file with erased background) and registered to the terrain by adjusting the size, rotation and translation of the image until all trenches are in their correct locations. The positioning accuracy depends on the correct identification of features on the image. In practice, when a geo-location is available (say, latitude and longitude for the corner of a trench) it can be precisely identified on Google Earth imagery and mapped to a corresponding terrain feature (say, a zoomed in feature corresponding to that latitude/longitude). Accuracy would be in the order of centimetres and, for all intents and purposes of visualization, this is sufficiently accurate. In Figure 7 , the terrain layer is hidden and scaled drawings of the Helike Corridor House plan are registered to the geo-referenced trench features. The HCH spans areas 1 and 2 circled in red in Trenches H43 and H38. The drawings in pink illustrate the first-floor plan. 3D modelling of the house starts by defining the foundation walls in SketchUp by drawing rectangular regions over the plan of the house and then extruding to its 3 rd dimension. The complete foundation walls are shown in brown in Figure 7 .
Once the stone foundations are modelled, the walls, openings for doors and windows together with their respective wooden frames are added, Figure 8 . The floor of the upper store was modelled as a layer of wood, a 3 cm thick layer of reeds and a layer of rammed earth of 10 cm. The layer of wood shown in detail here in the form of reinforcing beams above doors and window frames and inside the upper floor wooden component is based on observations from the Cycladic Bronze Age settlement of Akrotiri, Thera, Greece (Palyvou, 2005) . Concerning the direction of the floor beams it is considered that the length of the house is the longest dimension and the width is the shortest, so all floor beams run along the shortest dimension in relation to the external walls. The two larger rooms on the ground floor are approximately square, so beams could be placed at 90 degrees also, while for the smaller internal room, beam placement was guided by the earlier choice of external walls. In the HCH model the use of wooden reinforcing longitudinal beams were constructed from the local species Olea spp lying beneath the Pinus halepensis floor structure, and in the construction of the steps in the stair structure (Kormann et al., 2016a (Kormann et al., , 2016b . For added realism, each house component was added texture sourced from the Helike Project and from the Internet. SketchUp provides direct manipulation functions for easy management of texture mapping. Figure 9 shows the wooden beams of the roof structure of the HCH which were modelled as being of similar construction and materials as the upstairs floor: a wooden structure made from supporting Olea spp beams overlaid by Pinus halepensis beams followed by a 3 cm layer of reed Arundo donax, a 10 cm layer of clay would have covered the reeds and the roof would have had an added topmost layer of tiles. The layer of reeds, clay and tiles were modelled simply as thin rectangular boxes layered on top of the wooden structure. The structure of the roof follows closely from Shaw (1987) while the dimensions of the beams and of rafters were taken from Wiencke's interpretation of Lerna (Maran and Kostoula, 2014) . Note that the longer beams on the roof structure are lying on top of the external walls (and thus, supported by them). Internally, wooden structures support the beams lengthwise. It is not suggested that single beams would span the entire length of the house; they most probably were cut in short sections which is implied in the 3D reconstruction.
Figure 10 depicts the model with an external wall removed to show internal details. Note the wooden structures of the first floor, roof and stairs and that the walls are of three different thicknesses. A section of the beams above the stairs are, in fact, inside the external wall that has been removed from the visualization, so access to the upper floor is not impeded. The stone foundations are higher than the ground to protect the adobe bricks from water. 
Discussion and Conclusion
This paper has placed strong emphasis on our current efforts regarding visualization in creating digital assets that are universally accessible through web browsers and GIS interfaces such as GE. Technological developments in the EBA concerning house design and building techniques are highlighted through 3D modelling and visualization using the HCH as a case study. Previous research has shown how 3D models can be used to support structural integrity studies (Kormann et al., 2016a; Kormann et al., 2016b) such as the doubling of external walls to form corridors and accommodate stairway access to the upper floor together with internal divisions. These were necessary innovations to ensure the integrity of the house concerning its mechanical properties related to susceptibility to buckling and its ability to support a second floor.
It is suggested that the methods and approaches used here are applicable to other buildings and particularly those similar to the HCH. From a theoretical point of view, Shaw (1997) has discussed the similarities between the House of the Tiles at Lerna and the Weisses Haus at Aegina. Here we bring the Helike Corridor House into the discussion: for example, striking scale similarities of 1.0 to 1.5 and 2.0 are observed between the ground floor plans of the Corridor Houses at Helike, Weisses Haus at Aegina and the House of the Tiles at Lerna: the Weisses Haus is about 1.5 times larger than Helike in width and length, while Lerna is twice as large as Helike, with similar ground floor plan. Our contribution to the theoretical debate is that it is possible that such similarities may account for a scenario in which the house plan and building techniques were standardized and re-used across the region. Such architectural standardization concerning corridor houses may have arisen in response to social changes, such as rising number of residents, the intensification of trade, need for common storage space, an assembly hall and other communal needs. Such social and technological contexts may have led to the design of other buildings for public use through standardized architectural plans. These aspects of standardization could be tested using the methodology of finite element analysis in structural integrity studies (Kormann et al., 2016a; Kormann et al., 2016b) and visualization as described here, perhaps uncovering further interesting similarities and differences.
Overall, the digital reconstructions described in this paper have improved archaeological insights in the EBA of the Greek mainland, and specifically regarding the corridor type architecture, a top debated issue of the period, by drawing inferences on technical specialization and expertise, advanced space demands for administration purposes, plan modification and building materials. Our 3D reconstruction of the newly studied HCH contributes afresh to this debate after a long period of silence since the first conjectural reconstructions of earlier excavated corridor houses were performed by Shaw (1987 Shaw ( , 1990 Shaw ( , 2007 . The presented methodologies enhance the range of insights on the digital relationships with archaeological data enabling new inferences and knowledge by the implementation of universally shared low cost applications. Future planned work of the Digital Helike Project includes the integration of borehole data (Soter et al., 2001; Soter and Katsonopoulou, 1998) retrieved from the EBA settlement and from the interior of the buildings to enhance inferences on house floor construction and contents.
